Abstract Theory predicts that habitat fragmentation, including reduced area and connectivity of suitable habitat, changes multitrophic interactions. Species at the bottom of trophic cascades (host plants) are expected to be less negatively affected than higher trophic levels, such as herbivores and their parasitoids or predators. Here we test this hypothesis regarding the effects of habitat area and connectivity in a trophic system with three levels: first with the population size of the larval food plant Hippocrepis comosa, next with the population density of the monophagous butterfly species Polyommatus coridon and finally with its larval parasitism rate. Our results show no evidence for negative effects of habitat fragmentation on the food plant or on parasitism rates, but population density of adult P. coridon was reduced with decreasing connectivity. We conclude that the highly specialized butterfly species is more affected by habitat fragmentation than its larval food plant because of its higher trophic position. However, the butterfly host species was also more affected than its parasitoids, presumably because of lower resource specialization of local parasitoids which also frequently occur in alternative hosts. Therefore, conservation efforts should focus first on the most specialized species of interaction networks and second on higher trophic levels.
Introduction
Habitat fragmentation, including habitat loss and reduced habitat connectivity, is known to have negative impacts on local, regional and global biodiversity (Saunders et al. 1991; Debinski and Holt 2000; Ewers and Didham 2006) . Highly fragmented calcareous grasslands rank as the most species-rich habitat of flora and invertebrate fauna in central Europe (Poschlod and WallisDeVries 2002) . Plant and invertebrate species restricted to these semi-natural habitats are threatened because of decreasing habitat area, connectivity and habitat quality consequent to agricultural intensification and the abandonment of historical land-use practices (Dennis and Eales 1997; Pärtel et al. 1999; Dauber et al. 2006; Brereton et al. 2008; Krauss et al. 2010) .
Habitat area is one of the main factors determining species occurrences. Small patches often maintain no viable populations and depend on immigration from nearby habitats (Hanski et al. 1996) . Small habitat patches are more often of poor habitat quality than large habitat patches, thus leading to further diversity declines (Fahrig 2003; Dobson et al. 2006) . As habitat area decreases, so does the connectivity between patches, leading to larger distances between habitat patches. Lack of connectivity to large source habitats limits the exchange of individuals and prevents re-colonization events (Baguette et al. 2000) .
Species at higher trophic levels (herbivores, predators, parasitoids) are expected to be even more affected than lower trophic levels, as they depend on their resources (host species) and additionally, directly or indirectly, on habitat area and connectivity. Furthermore, higher trophic levels perceive habitats, with their patchily distributed specific resources, as more fragmented than do lower trophic levels (van Nouhuys 2005) . Hereby specialized species of higher trophic levels frequently show steeper species-area relationships and are particularly affected by habitat isolation (Kruess and Tscharntke 1994; Tscharntke et al. 2002a; Holt 2002; Steffan-Dewenter 2003) . Further evidence for the trophic-level hypothesis is provided by the theory of island biogeography (Didham et al. 1996; Tscharntke and Kruess 1999) .
Parasitoids are important in ecosystems as they can regulate population densities of their hosts. However, the importance of parasitoids for host population dynamics is unclear (Hunter 2001; Shaw et al. 2009 ). Land-use change, anthropogenic disturbance, habitat loss, and climate change are factors that might lead to (1) shifts in host-parasitoid interactions (Didham et al.1996; Steffan-Dewenter and Tscharntke 1999; Hance et al. 2007 ), (2) alterations in hostparasitoid food webs (Tylianakis et al. 2007) or (3) disruption of trophic interactions (Vanbergen et al. 2006) .
The few studies conducted in this context focus on the effects of habitat loss and fragmentation on either herbivores or mutualists and their plant hosts, whereas data for host-antagonist interactions (herbivore, parasitoid/predator) are rare (Kruess and Tscharntke 1994; Zabel and Tscharntke 1998; Golden and Christ 1999; Komonen et al. 2000; Tscharntke et al. 2002b; Steffan-Dewenter 2003; van Nouhuys 2005; Dupont and Nielsen 2006; Valladares et al. 2006) . This study focuses on population densities and multitrophic interactions of the monophagous butterfly species Polyommatus coridon Poda which is restricted to seminatural grasslands with its larval host plant Hippocrepis comosa L., and its natural antagonists.
The following hypotheses are addressed in this study:
1) Population densities of all trophic levels increase with habitat area and habitat connectivity. 2) Higher trophic levels, particularly parasitoids of P.
coridon, are more strongly affected by reduced habitat area and connectivity than lower trophic levels.
Materials and methods

Study region and study sites
The study region ''Fränkische Schweiz'' is located in the vicinity of the town of Bayreuth in northern Bavaria (Germany). Seventeen semi-natural grasslands along a habitat area and connectivity gradient were selected as study sites (Table 1) . Semi-natural grasslands on shell limestone with numerous rocks are characteristic for the region (Böhmer 1994) . The study sites were chosen to cover the full gradient in habitat area and connectivity in the study region, but being as similar as possible in habitat quality. (Asher et al. 2001; Swaay and van 2002) . P. coridon is a univoltine species with high population densities (Weidemann 1995) , and is distributed throughout southern and central Europe (Kudrna 2002) . It is considered as a sedentary to moderately dispersing species (Settele et al. 2000; Asher et al. 2001; Cowley et al. 2001) and as a good indicator of habitat quality (Brereton et al. 2008) . Most parasitoids of lycaenid butterflies belong to three insect families: Tachinidae (Diptera), Ichneumonidae (Hymenoptera), and Braconidae (Hymenoptera). Tachinidae and Braconidae parasitize larval stages and hatch out of the larva, whereas most Ichneumonidae parasitize larval stages and hatch out of the pupae. For P. coridon larvae the parasitoids Cotesia saltatoria, Aleiodes bicolor (Braconidae) (Baumgarten and Fiedler 1998) , Aplomya confinis (Tachinidae) (Belshaw 1993; Baumgarten and Fiedler 1998) , Ichneumon exilicornis (Ichneumonidae) (Hinz and Horstmann 2007) , and Agrypon anomelas (Ichneumonidae) (Horstmann et al. 1997) were recorded. Other possible parasitoid species of P. coridon are Cotesia astrarches, Cotesia tenebrosa and Cotesia arctica (Braconidae), and Polytribax rufipes (Ichneumonidae) (see www.taxapad.com). The population size of the larval food plant H. comosa was estimated per study site when it was flowering in May 2008. The walked transects covered the total calcareous grassland sites and the size of each patch of H. comosa was recorded in m 2 . In few study sites, where H. comosa was evenly distributed within the study sites a cover was estimated and also presented as m 2 within the study site. Population density of adult P. coridon was estimated with transect walks, counting P. coridon individuals during the peak of the flight season (August 5th to 7th) 2008. Transect walks were divided into 5 min sub-transects, thereby the number of sub-transects varied between 4 and 18 sub-transects depending on the size of the habitat patch. Transect length ranged from 75 to 1800 m and the time spent on a site ranged from 20 to 90 min. Previous results showed that estimates of population densities are reasonably stable when surveys last at least 20 min (e.g. Krauss et al. 2004 Krauss et al. , 2005 Brückmann et al. 2010 . Population densities of adult P. coridon were calculated by dividing the total number of individuals by the transect area (transect length*transect width). Adult P. coridon are evenly distributed throughout the calcareous grassland and not restricted to patches of its larval food plant H. comosa. The butterflies mainly search for flowering plants within the borders of the calcareous grasslands and use the same plants as roosting sites (personal observation). Therefore, the density was calculated per site and not for the cover of H. comosa within the study sites. Additionally we counted the time needed for sampling the larvae per site and used the amount of larvae detected within 1 h as a second estimation of butterfly population density.
Polyommatus coridon larvae were collected during daylight with sunny weather conditions from the beginning of May to the beginning of June 2008 when larvae were in the second to fourth larval stage. Larval detectability was similar for all study sites, except for a few sites where several days were needed to collect the minimum number of larvae required. Reasons for this are e.g. food plants that are matted in the grass and not exposed on rocks, which made it more difficult to find the larvae underneath the plants. Larvae feed during the dawn and therefore can be found in the upper soil layer hiding from the sun (Ebert and Rennwald 1991) .
Larvae were taken to the laboratory to measure body length on the sample day and to rear them separately in Petri-dishes at 23°C in climate chambers with 16 h light per day and 70% humidity. Larvae were fed every second day until pupation with fresh leaves of H. comosa collected on the study sites. All collected larvae were controlled daily and reared until emergence of an adult butterfly or a parasitoid or until death in the Petri-dishes.
Habitat area, quality and connectivity Habitat area, defined as patch size of the calcareous grassland, was estimated using orthorectified aerial photos of the year 2005. Habitat area ranged from 0.14 ha to 16.40 ha (mean 2.98 ± 1.04, Table 1 ). Habitat area and distances to adjacent calcareous grasslands were calculated with ArcView GIS 3.2 (ESRI 1995).
Study sites were chosen to be of similar habitat quality. All study sites were managed by grazing apart from one site which was only mown. None of the study sites was in an advanced succession stage (Table 1) . Nearly all study sites were exposed to the south (Table 1) .
Habitat connectivity (CI) for each of the 17 study sites (i) was measured edge-to-edge from the focal study site to the surrounding calcareous grasslands within a radius of 2 km using the equation of Hanski's connectivity index (Hanski 1994) .
A j is the size (in m 2 ) of neighbouring calcareous grasslands and d ij is the distance (in km) from neighbouring calcareous grasslands j to the study site i. The parameter a is a measure of the dispersal ability (1/average migration distance in km) and b is a parameter which scales the size of the surrounding habitat patches. We chose a = 0.5, as we expect for P. coridon an average migration distance of 2 km, which is a good approximation for average dispersal of habitat specialized butterfly species of calcareous grasslands (Brückmann et al. 2010) . Nonetheless assuming other dispersal abilities between 0.5 and 3 km does not change the connectivity index fundamentally (Krauss et al. 2003) . For the scaling parameter b we chose b = 0.5 according to the assumptions of Moilanen and Nieminen (2002) , who suggested that the ratio of patch edge to patch area decreases with A 0.5 when patch area increases. The same connectivity index was also used for H. comosa and the parasitoids, even though less information on dispersal ability was available. The connectivity gradient of our 17 landscapes ranged from 72.6 to 1579.4.
Statistical analysis
Simple regressions and t tests were performed using the software SPSS 15.0.1 (SPSS Inc., 1989 , general linear models and logistic regressions for presence and absence of the two most abundant parasitoid species were calculated with R 2.10.1 (R Development Core Team 2009). Transformation of data was not necessary for response variables, as they met the assumptions of normality and homoscedasticity in the statistical models. As explanatory variables we used: (1) habitat area (log 10-transformed) and (2) connectivity index for all response variables, (3) the estimated population density of adult P. coridon (m 2 ) and (4) population density of P. coridon achieved by larval densities for parasitism rates and (5) plant cover of H. comosa (m 2 ) for parasitism rates and P. coridon densities. As response variables we used: (1) % parasitized P. coridon-larvae, (2) plant cover of H. comosa (m 2 ), (3) estimated population density of adult P. coridon (m 2 ) and (4) population density of the P. coridon estimated by larval densities. Mean body length (size) for P. coridon larvae per study site was used as Co-variable for the % parasitism models.
Results
In total 557 larvae of P. coridon were collected on the 17 study sites in April and May 2008. The number of collected larvae per study site ranged from 20 to 45 individuals, depending on the availability and the patchiness of the food plant. Five different parasitoid species hatched out of 61 P. coridon larvae and pupae belonging to the families of Braconidae, Ichneumonidae and Tachinidae. The overall rate of parasitism was 10%. A total of 47 larvae were parasitized by the solitary species Cotesia saltatoria Balevski 1980 (Braconidae), seven by the gregarious species Cotesia arctica Thomson 1895 (Braconidae), one by the solitary species Aleiodes bicolor Spinola 1808 (Braconidae), three by the solitary species Ichneumon exilicornis Wesmael 1857 (Ichneumonidae) and three by the solitary species Aplomya confinis Fallen 1820 (Tachinidae).
Population size of the host plant H. comosa ranged between 35 and 1000 m 2 and was not significantly explained by habitat area or connectivity (Table 2 ; Fig. 1a, b) .
Population densities of adult P. coridon ranged from 0.04 to 0.32 individuals per m 2 for transect data and were not significantly affected by habitat area or H. comosa population size but increased with increasing habitat connectivity (Table 2 ; Fig. 1c, d ). Larval densities per hour Fig. 1e, f) . The percentage of parasitized larvae in general linear models (Type I Sums of Squares) was explained by the Co-variable ''mean larval size of P. coridon'' (which was measured at the day when the larvae were collected) (F 3,13 = 5.15, P = 0.04) but this did not essentially change the impact of habitat area (F 3,13 = 2.98, P = 0.11) and the connectivity index (F 3,13 = 0.36, P = 0.55) on % parasitized larvae.
Presence and absence analysis (logistic regressions) of the two most abundant parasitoids C. saltatoria and C. arctica were not significant for the predictor variables H. comosa, P. coridon density, habitat area and connectivity (P [ 0.24).
The impact of the predictor variables was also tested on the density of C. saltatoria, but neither the connectivity index (F 1,10 = 0.93, r 2 = 0.09, P = 0.36), H. comosa (m 2 ) (F 1,10 = 1.339, r 2 = 0.12, P = 0.27), P. coridon (m 2 ) (F 1,10 = 0.34, r 2 = 0.03, P = 0.57), nor habitat area (F 1,10 = 0.53, r 2 = 0.05, P = 0.49) significantly explained the density of C. saltatoria.
Discussion
In this study we tested the response of three trophic levels, (1) the host plant H. comosa, (2) the specialized herbivore P. coridon and (3) its natural antagonists (parasitoids) to the loss of habitat area and connectivity in a region with highly fragmented calcareous grasslands. In contrast to our Fig. 1 Three trophic levels (plant, butterfly, parasitism rate) and their relationships with habitat area and connectivity (Statistics see Table 2 ). a, b No significant effect of habitat area and the connectivity index on the cover of the larval food plant H. comosa; c, d No significant effect of habitat area on the population density of P. coridon, but a significant effect of connectivity on population density of P. coridon (y = 0.000104 x ? 0.073; P = 0.018); e, f No significant effect of habitat area and the connectivity index on % parasitized larvae of P. coridon J Insect Conserv (2011) 15:707-714 711 a priori hypothesis, % parasitism of P. coridon larvae did not depend on any of the tested explanatory variables. Percent parasitism decreased with increasing larval size which could be caused by extended collection time in some study sites. Larvae collected later could not have been parasitized by braconids or tachinids because these hatch out of early larval stages; thus these larvae could only have been parasitized by ichneumonids which hatch out of the pupae. We further showed an impact of connectivity on the adult butterfly population density, suggesting that P. coridon is a sedentary species (Schmitt et al. 2006) . For this reason increasing habitat loss and sustained fragmentation may impede between-patch migration leading to genetic impoverishment, inbreeding, loss of fitness and finally to population extinction (Saccheri et al. 1998; Schmitt et al. 2006) . Unfortunately little is known about parasitoids of butterflies, except for well studied Maculinea species, species of the tribe Melitaeini and a few pest species e.g. of the genus Pieris (Shaw et al. 2009 ). Thereby information on the impact of non-biotic factors on the distribution of parasitoid species is lacking. In comparison to this study where habitat area had no effect on % parasitism, Doak (2000) found that a geometrid moth had the highest parasitism rates when habitat patches were small, and Cronin (2003) found that the abundance of egg parasitoids of the planthopper Prokelisia crocea increased with increasing habitat area but decreased with increasing patch isolation. We conclude that previous studies as well as our study are contradictory and do not generally confirm the prediction that higher trophic levels are more sensitive to habitat loss and isolation than lower trophic levels.
Population density of P. coridon did not depend on the amount of the larval foodplant H. comosa in this study, but P. coridon certainly depends on the presence of the larval foodplant. In other studies, the amount of the larval foodplant explained the population density of P. coridon better. In contrast, habitat isolation had only little impact on the population density of P. coridon and no isolation-by-distance was found for the genetic differentiation of P. coridon (Krauss et al. 2004 (Krauss et al. , 2005 . It is generally hypothesized that the presence of the larval foodplant H. comosa is the limiting factor for re-colonization by P. coridon (Krauss et al. 2005; Brereton et al. 2008) . But in our study mainly habitat connectivity played an important role for the population density of this specialized butterfly species. In contrast to the study by Krauss et al. (2005) where P. coridon was dependent on large habitats with large food plant populations, we found no effect of habitat area within our habitat area gradient. We therefore assume that the chosen habitat patches had a sufficient patch size to promote viable populations. Apart from habitat area and connectivity, habitat quality is a further important parameter for the persistence of butterfly populations in a fragmented landscape (Dennis and Eales 1997, Kuussaari et al. 2007 ). All study sites were selected to be similar in habitat quality (e.g. flower cover, management, exposition). Almost all study sites were grazed and south-facing (Table 1) . However, quality differences might be still caused by minor differences in management regimes (e.g. irregular management). Nonetheless habitat quality changes caused by different management were not found to have an effect on butterfly species richness in another study which included the sites from this study (Brückmann et al. 2010) , similarly to a Swiss study where butterfly diversity did not differ between early fallows and managed pastures (Balmer and Erhardt 2000) . Microclimatic conditions, however, can always play a role for the occurrence and population sizes of all three trophic levels tested in this study and we cannot rule out any possible bias due to different microclimates within and between the grasslands.
The parasitoids recorded on P. coridon larvae were endoparasites that are not specialized on P. coridon solely, but feed on other Lycaenidae species also. Aleiodes bicolor (Braconidae) is known to parasitize several Lycaenidae in the Polyommatus group (e.g. P. eros, P. icarus, P. artaxerxes) (Baumgarten and Fiedler 1998) . Aplomya confinis (Tachinidae) and Cotesia saltatoria (Braconidae) also feed on several species of the family Lycaenidae, e.g. P. icarus, P. agestis, P. artaxerxes (Baumgarten and Fiedler 1998; Menéndez et al. 2008) , and Ichneumon exilicornis (Ichneumonidae) feeds on e.g., P. argus, P. admetus (Hinz and Horstmann 2007; Shaw et al. 2009 ). This leads to the assumption that many parasitoids might be able to use related hosts or even unrelated hosts in similar environments (Shaw et al. 2009 ) and are less restricted to the highly fragmented calcareous grasslands. In this case parasitoids could switch to different butterfly species belonging to their host range if a certain species is not present at a time. In our region at least P. icarus is also a very abundant butterfly species, with 2-3 generation per year (Brückmann et al. 2010) . The lack of parasitoids specialized on P. coridon and the possibility of switching between different Lycaenidae-hosts makes it even more challenging to study the effects of habitat fragmentation on host-antagonist interaction webs of P. coridon. One would expect that parasitism based on parasitoids that are specialized for only one host-species might be strongly affected by increasing isolation of the focal habitat type, than parasitism based on parasitoids with a multi-hostsystem, and therefore not restricted to one habitat type (Anton et al. 2007 ). Since parasitoids of P. coridon are associated with other Lycaenidae that are not restricted to calcareous grasslands, extinction of parasitoid species might be unlikely even when habitat isolation increases. Alternatively, it might be that more specialized parasitoids of P. coridon already went extinct due to habitat fragmentation in the past. In general it is difficult to disentangle whether % parasitism per site depends on host density and seasonal changes, microsite selection of the host, or the impact of missing habitat connectivity or habitat area.
We found higher P. coridon densities of larvae on somewhat exposed host plants, either growing at edges of stones, brims or on parts that were slightly elevated and not infiltrated by grass and other plants as described by Ebert and Rennwald (1991) . Therefore, such exposed host plant patches could serve as an attractant for parasitoids, in addition to volatiles or the presence of attendant ants (Pierce et al. 1987; Fiedler et al. 1992 ). This may indicate that the spatial structure of the habitat also influences hostparasitoid interactions, where parasitoids in search of hosts can be affected by the distribution of the host, by the spatial arrangement of the host's microhabitats and by the spatial scale at which the parasitoid perceives variation in host abundance (Roland and Taylor 1997) .
In conclusion, our data do not support the theory that species of higher trophic levels, at least parasitoids, are more affected by fragmentation than their host species. An obvious reason is that all recorded parasitoids in our study had a broader host range, while the butterfly host P. coridon was highly specialized and restricted to a single larval food plant. We found no impact of habitat area on the abundances of H. comosa, P. coridon or the parasitism rates. Only habitat connectivity was important for the population density of the studied specialized butterfly species, but not for the host plant or parasitoids.
For the conservation of P. coridon we suggest a largescale management of calcareous grasslands that are highly connected with adequate conditions for H. comosa to promote persistence of this threatened butterfly species. In contrast, parasitoids, despite their higher trophic level, need less conservation and management efforts, as long as they are able to use additional hosts from common butterfly species. For example, in our study sites and their surroundings, parasitoids can find alternative host species like the Common Blue, Polyommatus icarus. However, as environmental threats are increasing for all species and as biotic interactions between all species are unknown, our aim must be to protect valuable habitats like calcareous grasslands and their multi-trophic interactions.
